Archaerhodopsin 4 (AR4), a retinal-containing membrane protein, exhibits a reversed order of proton release and uptake at neutral pH, as compared to the well-known bacteriorhodopsin (BR). In a preceding report, we stated that Triton X-100 solubilized the claret membrane containing AR4 (CM) into monomeric proteins and altered the time order in AR4 at neutral pH. The present study examined the mechanism underlying this phenomenon. We employed a photoelectrochemical cell suitable for observation of the proton pumping behaviors of both the membrane patch and detergent-solubilized proteins over a wide pH range. The pK a values of the proton release complex (PRC) in the initial state and the M state were determined with this device. The pK a of PRC of monomeric AR4 decreased to a value lower than 7.0 in the photocycle, allowing early proton release at neutral pH. The pK a of PRC in the initial state was also strongly affected by solubilization.
In recent decades, a variety of light-driven ion pumps have been reported, including bacteriorhodopsin (BR), 1) archaerhodopsin (AR), 2, 3) proteorhodopsin (PR), 4, 5) xanthorhodopsin (XR), 6) and halorhodopsin (HR). 7) The most extensively investigated is BR in the purple membrane (PM). [8] [9] [10] [11] [12] [13] [14] [15] [16] This is a proton pump that offers an excellent model for the study of photochromic and photoelectric responses in microbial retinal proteins. Much less investigated is the family of homologous archaerhodopsins. [17] [18] [19] Our studies have focused on archaerhodopsin 4 (AR4), which was isolated from the halobacteria Halorubrum species xz515 in a salt lake in Tibet. 20) In PM, BR is present in the form of hexagonally-arranged trimers. 21) AR4 is comprised of seven -helices and also assembled in the form of trimers into a two-dimensional (2D) quasi-crystal called the claret membrane (CM). 22) To our knowledge, those trimers have never been isolated after solubilizing of the membranes. Here we use the term ''assembly'' for the pigments in the native PM and CM. Unidirectional proton transfer through retinal proteins, including proton release to the extracellular surface and proton uptake from the cytoplasmic side, is coupled with a series of intermediates with characteristic absorption maxima. In such a photocycle of BR, the corresponding intermediates are named as J 600 , K 590 , L 550 , M 412 , N 560 and O 640 , the subscripts denoting the wavelengths of the absorption peaks in nanometers. 23) Upon illumination, AR4 undergoes a photocycle with similar intermediates. The M intermediate is the most spectroscopically distinctive long-lived state. It plays a central role in proton transport and is also important in potential applications of retinal proteins. [24] [25] [26] [27] Some amino acid residues, ones which are involved in the proton pumping process in BR, are highly conserved in AR4. 19) However, at neutral pH, the temporal sequence of light-induced proton release and uptake of AR4 and BR are strikingly different. In contrast to the early proton release that occurs in the M state followed by proton uptake in BR, an opposite time order of proton release and uptake at neutral pH was observed in AR4. Upon illumination, AR4 first takes up a proton and then releases another proton at the end of the photocycle. In both proteins, a proton is released from a group of residues and water molecules near the extracellular surface called proton release complex (PRC). The pK a of PRC decreases upon protonation of Asp85 after illumination. 13) Native membranes containing BR and AR4 can be dissolved into monomers by detergents 28, 29) or reconstituted into liposomes. 30, 31) Triton is a mild non-ionic detergent used frequently in dissolving membrane proteins.
32) The lipid molecules around proteins can be replaced by detergent molecules. On the other hand, site-directed mutagenesis affords an effective tool to re-design proteins and to explore the specific roles of key residues. 33, 34) It has been found that the order of release and uptake can be changed by pH 35) and by certain point mutations. 36) In a preceding report, we stated that treatment by Triton offered another way to alter the temporal sequence of proton pumping of AR4 at neutral pH. 37) This surprising effect of Triton triggered our present investigation, which aims to understand the mechanism. The key is measurement of the pK a of the PRC of Triton-solubilized AR4.
The pK a of PRC in the M state has been conventionally determined using a pH indicator. 35) This dye approach is yet difficult to apply in studying the pH dependence of proton pumping in a broad pH range due to a limitation in sensitivity to a pH range close to its y To whom correspondence should be addressed. Fax: +86-21-6564-0293; Tel: +86-21-6564-3506; E-mail: jdding1@fudan.edu.cn Abbreviations: BR, bacteriorhodopsin; AR4, archaerhodopsin 4; PM, purple membrane; CM, claret membrane; PRC, proton release complex pK a . Recently, our group made a vigorous kinetic analysis of a dye-free photoelectrochemical approach to measure the pK a of PRC. 38) A solid protein film on a conducting glass coated with indium-tin oxide (ITO), similar to those used in earlier 14) and recent studies 5) was used to the kinetics of proton release and uptake in BR and AR4 over a broad pH range and to estimate the pK a of PRC in retinal proteins. 38) Unfortunately, this efficient approach, suitable for films, was not feasible in the presence of Triton, because Triton solubilized the film. In order to overcome this problem, we employed a pHsensitive cell for which prefabrication of protein films is unnecessary. This improved approach is convenient and suitable for pigments with and without detergents at various pH levels.
In a previous publication, 19) we explained that the different proton pumping behaviors as between AR4 assemblies and BR assemblies are caused by weakened coupling between D85 and PRC in AR4, which induces a smaller decrease in the pK a of the PRC in AR4 with about 2 pK units as compared to about 4 pK units in that of BR. As for the Triton-solubilized AR4 monomers, some interesting questions arise. What is the pK a of PRC in the initial state and in the M intermediate for AR4 monomers? Is the coupling strength between D85 and PRC preserved in AR4 after solubilized by Triton? The present study addressed these questions by a series of pH titrations of light-induced photoelectric and spectroscopic changes in suspensions of Triton-solubilized AR4. Some results for BR were also obtained for comparison.
Materials and Methods
Preparation of protein samples. PM containing BR and CM containing AR4 were isolated and purified by us from Halobacterium strains R 1 M 1 and xz515 respectively, following the standard protocol. 39, 40) The concentration of BR was 13 mmol/L, as determined from the absorption maximum at 568 nm. Since the extinction coefficient of AR4 is unknown, the concentration of AR4 was reflected simply by the optical density (OD 506 ), which was about 0.8.
Triton X-100 (ethylene glycol tert-octylphenyl ether, Beijing Dingguo Biology Technology, Beijing, China) was added to AR4 and to BR suspensions in 100 mmol/L of NaCl and 20 mmol/L of KCl. The final concentration of Triton was between 0.2% and 1% (w/w), which is sufficient to solubilize membrane patches into monomers according to our preceding study.
37) The samples were incubated in an ultrasonic bath (90 W) for 30 s, and then stored in the dark for 48 h before measurement.
The initial state of BR has two different forms, BR 570 and BR 550 . Light-adapted molecules with all-trans retinals exhibit maximum absorption at about 570 nm, while dark-adapted molecules typically exhibit maximum absorption at about 550 nm. Light adaptation is easily achieved in a normal environment, while dark adaptation can be achieved only in the dark over a long time. The pigments in this study were in the light-adapted state, except, as otherwise indicated. The only results for dark-adapted AR4 are shown in supporting information ( Fig. S1 ; see Biosci. Biotechnol. Biochem. Web site). One should note, however, that solubilization affects light adaptation, so that the retinals in solubilized proteins are not fully converted to the all-trans configuration upon illumination.
41)
Circular dichroism spectra. The circular dichroism (CD) spectra were measured in a Jasco J-715 spectropolarimeter (Jasco, Tokyo). We used spectra in the visible range to distinguish AR4 monomers from assemblies.
Light-induced absorption changes in pH-sensitive dye and intermediates in the photocycle. Light-induced changes in the medium proton concentration due to protonation and deprotonation of the retinal proteins were measured with pH-sensitive dye 8-hydroxy-1,3,6-pyrenetrisulfonate (pyranine). The pK a of this dye is about 7.2. The absorption changes were measured at 456 nm, where there is no significant interference with the intermediates of the retinal proteins of BR and AR4. An increase in the absorbance of pyranine at 456 nm reflects solution alkalinization, whereas a decrease represents acidification of bulk solution. The transient light-induced proton release and uptake of the retinal protein was calculated by subtracting the kinetic traces without pyranine from those with the indicator. Measurements were conducted in a homemade kinetic spectrophotometer, as described previously. 19) Exciting light to initiate the photocycle was provided by a camera photoflash (BY-26AZ, Beijing Yinyan electronic photoflash, China) with full width at half maximum (FWHM) of less than 1 ms. The measuring beam was perpendicular to the exciting light. Continuous measuring light was provided by a tungsten halogen lamp from Shanghai Lamp Factory No. 3 through a quasi-monochromic light filter. The pH of the pigment suspension was adjusted by 1 mol/L of NaOH or HCl.
The absorption changes in the photocycle were also measured with this apparatus. Decay of the M and O intermediates and recovery of the initial state were detected at characteristic wavelengths of 412 nm, 660 nm, and 580 nm respectively.
Photoelectrochemical setup. In order to be able to conduct measurements from solubilized membrane proteins we used an asymmetric cell, in which protein was present only near one pHsensitive electrode, similar to those used by Iwamoto et al. 42) and Chu et al. 43) Schematic presentation of our set-up is shown in Fig. 1 . A quartz glass cell was comparted into two half cells separated by a semipermeable membrane with an MWCO of 14,000 Da. Thus AR4 or BR molecules did not diffuse from the working compartment to the blank compartment. The total geometry of the cell was 21 mm (length) Â 19 mm (width) Â 42 mm (height). We filled one compartment with an electrolyte solution of 100 mmol/L of NaCl and 20 mmol/L of KCl, and another compartment with a retinal protein suspension with the same concentration of the electrolyte solution. As presented in Fig. 1 , a piece of glass covered by a thin transparent layer of ITO was employed as electrode in each compartment, and this was connected to an amplifier and a digital wavesaver. Each ITO electrode was 9 Â 58 Â 1 mm 3 . The two ITO electrodes were immobilized face-to-face in the cell with a space between them of about 8 mm. Upon excitation, the photoelectric responses induced by proton transfer of the membrane proteins led to a potential difference between the two electrodes. The electric signal was transmitted to an amplifier, and then monitored and stored in a digital wavesaver. The working ITO glass was set as the positive electrode in our experiment, and thus an increase in photovoltage indicated light-driven proton uptake of the pigment.
Upon flash illumination, fast proton release, proton uptake, and then slow proton release can be triggered. With the co-occurrence of three components, the time-dependent photovoltage, V, can be described as follows:
Here uptake , fast rel , and slow rel denote the time constants for proton uptake, fast release, and slow release respectively; C is a constant relating to signal amplitude; is the parameter of buffer capacity; t 0 stands for the starting moment of each photoflash; and V 0 is the baseline value of a given trace. The term f refers to the fraction of fast protein release over the summation of fast and slow proton releases or of proton uptake. The data for f versus pH were fitted by the Henderson-Hasselbalch equation in the form
ÀnðxÀpKaÞ to obtain the pK a values of PRC in the M intermediate state. The theoretical offset A 1 should be, in our case, zero, and thus the Henderson-Hasselbalch equation used here reads y ¼ A= 1 þ 10 ÀnðpHÀpKaÞ Â Ã . Only a fast or a slow release component occurs when the pH is much higher or lower than the pK a of PRC in the M state, and then the above equation is reduced to just two components. Especially in the alkaline region, f is fixed at 1. The decrease in released protons reflects the disability of the PRC due to its deprotonation already in the initial state in this case. Thus the amplitude of proton release at high pH in our measurement indicated a fraction of functional PRC. In this pH region, we used the photovoltage amplitude from the fitting result versus pH to determine the pK a of PRC in the initial state.
Results
Alteration of the assembly state of AR4 by Triton According to our preceding report, 37) Triton solubilized membrane patches and altered the assembly state of membrane proteins significantly. CD spectra are effective in detecting the assembly states of retinal proteins. [44] [45] [46] As shown in Fig. 2 , CM in the visible region exhibited three characteristic peaks, in contrast to the single peak in BR. The three peaks are from the natural carotenoid bacterioruberin associated with AR4. The CD spectra of AR4 assemblies were biphasic, composed of both positive and negative bands. The change from the biphasic to the monophasic shape under Triton treatment accompanied the formation of AR4 monomers.
Effects of Triton X-100 on the proton pumping behaviors of AR4
The pH-sensitive indicator pyranine was used to determine the proton pumping behaviors of the BR and AR4 pigments before and after treatment with Triton. AR4 assemblies exhibited proton uptake ahead of proton release upon light excitation at neutral pH (Fig. 3a) , yet Triton reversed the time order of the proton pumping of AR4. In contrast, Triton treatment did not alter the time order in BR at neutral pH (Fig. 3b) . The time constants of M decay and related proton uptake were found to be increased in AR4 after treatment with Triton. Elongation of M decay was also observed in the Triton-solubilized BR solution. 47) Titration of PRC in the M intermediate A dye-free photoelectrochemical cell was also used to detect photo-responses at a series of pH levels. The photovoltage traces of AR4 assemblies and monomers are shown in Fig. 4 . At neutral pH, the AR4 monomers exhibited fast proton release, in agreement with the results of the dye method. Significant pH dependence of proton pumping was observed in both AR4 assemblies and monomers, which indicates that the PRC in the protein was not disabled by the detergent. The pK a values of PRC in the M intermediate of the AR4 assemblies and the monomers were determined. Upon solubilization, the pK a of PRC shifted by 2.7 pK units, from 7.9 to 5.2, which resulted in the early proton release at pH levels higher than 5.2. The same photoelectrochemical cell was also used to detect BR assemblies and monomers, and the results are shown in supporting information (Fig. S2) . The pK a of the PRC of BR in the M state decreased after the formation of monomers, by 1.2 pK units, significantly less than that in AR4.
The pK a of PRC in the initial state To date, three approaches have been used to estimate the pK a of PRC in the initial state of BR. One is direct and two are indirect. The direct approach is based on the pH dependence of photocurrent associated with proton release.
48) The indirect ones are based on fitting the pH dependence of the kinetics of dark adaptation catalyzed by the protonation of Asp85 coupled to the ionization state of PRC, 49) or alternatively, the pH dependence of the absorption associated with the transition of the pigment to the P480 species coupled to the deprotonation of PRC. 36) We employed the third approach to observe AR4 assemblies and monomers, and the results are shown in Supplemental Fig. S1 .
In this study, we found that the pK a of PRC in the initial light-adapted state can also be determined by a fourth approach, a more direct photoelectrochemical approach, based upon measurements of photovoltage at a series of alkaline pH levels. The fraction of functional PRC was calculated from the amplitude of the photoelectric response at each pH level divided by the maximum photoelectric amplitude, as seen in Fig. 5 . The pK a of PRC in the initial state of AR4 monomers was found to be decreased, as compared to that of the AR4 assemblies. Reversal of the photoelectric signal was observed at high pH (>9:0) in the AR4 monomers, and the minus amplitude of proton release was taken into account in this case (Fig. 5b) . The decrease in pK a values in the initial state obtained by the photoelectrochemical approach (from 10.8 to 7.7 for AR4 assemblies and monomers, as shown in Fig. 5) , and the deceasing trend after solubilization is consistent with that by spectroscopic measurements (from 10.2 to 8.1, as shown in Fig. S1 ).
Photocycles of AR4 assemblies and monomers
The light-induced absorption changes at 412, 580, and 640 nm are summarized in Fig. 6 . The AR4 monomers exhibited a slower photocycle than the AR4 assemblies under the same pH conditions. Hence, Triton had a dramatic effect in prolonging the M decay of AR4, which suggests that the re-protonation mechanism or the environment of the internal proton donor, D96, is 
Discussion
Advantages of the dye-free photoelectrochemical approach for liquid samples
The central question of the present study was the time order of proton release and uptake in AR4 monomers. Consistantly with our preceding study, 37) we found that the time order in the AR4 monomers was different from that in the AR4 assemblies. The AR4 assemblies exhibited a time order reverse of that in the BR assemblies, and we found that a different pK a of PRC in the M state for AR4 assemblies was responsible. 19) A pH-sensitive dye, thymol blue, with a pK a similar to that of PRC in AR4 in the native membrane was used to measure the pK a value. 19) The different time orders of light-induced proton pumping behaviors at neutral pH of the AR4 assemblies and monomers and the BR assemblies and monomers are illustrated in Fig. 3 .
We believed that AR4 monomers most likely exhibit different pK a values of PRC, but, it was not easy to find a suitable approach to detect the pK a of AR4 in the solubilized state. The dye-dependent approach is limited to a suitable dye with an appropriate inherent pK a . What is more, the dye must not interact with the proteins, and the absorption peak of the dye must not strongly overlap with the initial state or any intermediate of the retinal proteins.
The pH-dependent proton transfer reaction on oriented or non-oriented deposited protein films has been studied to obtain the pK a of some protonable groups. 5, 14, [50] [51] [52] Following this strategy, our group performed a kinetic analysis of the dye-free flash-induced pH-dependent photovoltages of nonoriented films of retinal proteins to determine the pK a of PRC in the M intermediate. 38) We attempted to apply this method to determine the pHdependent photoelectric responses of AR4 monomers. Unfortunately, the method is based upon a solid retinal protein film, and, hence was not practical for a detergent-solubilized sample, because the deposited film tended to fall off the working electrode while soaked in the detergent. Or if the membrane protein were to be pretreated with Triton before preparation of the protein film, it would denature during the process of drying of the pigment suspension into a film.
To overcome this difficulty, we employed a photoelectrochemical cell to measure light-driven proton uptake and the release of retinal protein in solution. A similar solution-based photoelectrochemical cell has been proposed by Iwamoto et al. 42) and Chu et al. 43) to study the light-induced proton uptake and release of Phoborhodopsin (pR) and BR respectively. Our homemade photoelectrochemical set-up used a perpendicularly aligned cell, as schematically presented in Fig. 1a , and the electrodes were suspended in the cell and decoupled from it. It was convenient to remove and clean the electrodes, avoiding disassembly of the set-up and frequent changes of solution during pH titration. We defined f, the fraction of fast proton release, and fitted f as a function of pH by the Henderson-Hasselbalch equation to obtain the pK a of PRC in the M state, as shown in Fig. 4 . The photoelectrochemical approach was, in this study, applied in determination of the pK a of PRC not only in the M state, but also in the initial state of light-adapted retinal proteins by fitting the critically diminished fraction of the effective PRC at high pH, as shown in Fig. 5 . By this approach, we determined the mechanism of the reverse temporal order of the lightdriven proton pumping behaviors of Triton-solubilized AR4.
pK a values of AR4 assemblies and monomers and their relationship to proton transfer kinetics As a detergent, Triton delipidates CM into monomeric AR4 proteins, as shown in Fig. 2 . In the AR4 monomers, PRC functioned well over a wide pH range. However, as Figs. 4 and 5 indicate, its pK a decreased dramatically both in the initial state (from 10.8 for the assembly CM to 7.7 for the monomers) and in the M state (from 7.9 to 5.2). The change in the pK a value explains why the time order of light-induced proton uptake and release of AR4 was altered after treatment with Triton X-100 upon light excitation. The pK a of the PRC in the monomeric AR4 fell lower than 7.0, resulting in early proton release at neutral pH.
PRC is composed of several key groups including E194 and E204 and several water molecules. [53] [54] [55] [56] [57] Sitedirected mutations of the corresponding residues shifted the pK a of PRC (for conservative mutations) or abolished early proton release when glutamates were changed to non-ionizable residues. 58, 59) The delayed proton release of the light-induced proton pump of AR4 in CM was, in our previous report, 19) interpreted by a weakened coupling between D85 and PRC, since the coupling strength in AR4 is lower than in BR. The present study indicates that the coupling in the monomeric AR4 was little affected by the Triton solubilized AR4, but decreased to a larger extent in BR ( Table 1) .
The initial pK a of PRC decreased from 10.8 to 7.7 after AR4 was treated with Triton, and the pK a of PRC in the M state of the AR4 monomers decreased to 5.2, which allowed for deprotonation of PRC at neutral pH. It appears that the hydrogen-bonded network around PRC and/or the proton-conducting chain between PRC and D85 was altered by delipidation of the pigment. The temporal order of proton pumping behaviors and its relation to the pK a of PRC are schematically illustrated in Fig. 7 for all four cases (BR assembly and monomer, AR4 assembly and monomer).
Conclusions
In this study, we examined the pH dependence of the photocycle and proton pumping behaviors of AR4 after Triton treatment. A dye-free solution-based photoelectrochemical approach was developed to detect the transient proton pumping behaviors of retinal proteins over a wide pH range. The pK a values of PRC in the M state and the initial state of the AR4 monomers were determined, and both were found to be decreased as compared to the AR4 assemblies. A significantly lower pK a of PRC in the M intermediate in the AR4 monomer (about 5.2) compared to that of AR4 assembly (about 7.9) explained the early proton release of AR4 monomers at pH 7.0, whereas the AR4 assemblies exhibited late proton release. Our measurements also indicate that solubilization causes substantial changes in the kinetics of the M and O intermediates, apparently associated with slowing of proton uptake and Schiff-base reprotonation. The pK a values of PRC of AR4 and BR pigments before and after illumination are emphasized.
